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In an investigation of the possibility of determining various ad-
ditives in petroleum. products by direct amperometric titration in non-
aqueous solutions, Moran (34) found that high molecular weight amines 
appeared to form a complex with cupric chloride dihydrate in 2-propanol, 
with a metal-to-amine ratio of about 1:1.5. In a continuation of this 
work, Crowe (16), looking for steric hindrance effects, studied the 
same salt with ammonia, methylamine, ethylamine, and n-butylamine in 
the same solvent, likewise by amperometric titrations, and found an ap-
parent ratio of metal-to-amine that varied from 1:2.21 to 1:1.54. 
The investigation reported here was undertaken as one phase of a 
broad program to study the nature of the complexes formed with copper 
(II) salts reacting with amines in nonaqueous solutions and to determine 
the extent to which water (present /in the CuC12 ·2H2o, and in traces in 
. . 
the 2-propanol) and the solvent itself compete with amines for co-ordina-
tion positions. The amine used (tertiary n-butylamine) was chosen··'for 
its possible increased steric hindrance and for its low volatility--a 
factor expected to be useful in some of the experimental techniques 
employed. 
Three approaches were employed in this work; i.e., (1) the use of 
thermogravimetric techniques in an effort to determine the role of the 
solvent·and of water in precipitated complexes, (2) analysis of the 
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precipitates for copper, chloride, and amines, to obtain a material-
balance picture of the complexes, and (3) a correlation of data obtained 
by the above methods with results obtained by am.perometric titrations. 
A very important part of this research was the development of pro-
cedures, using the above tools, for studying similar complexes of other 
amines. 
Thermogravimetric Analysis 
In thermogravimetric analysis the data is usually recorded in 
graphic form.. This may be a plot of weight versus temperature or of 
weight, at a fixed temperature, versus time. In the former case a defi-
nite heating rate usually is used; consequently, the resulting curve in-
corporates elements of both, and owing to this fact, the rate of in-
crease of temperature is important. 
Typical of the data obtained during a thermovravimetric analysis 
is the weight change versus temperature plot for Cuso4•5H20 in nitrogen 
atmosphere given by Wendlandt (44). 
Applications too numerous to mention here have been made of the 
thermogravimetric balance. The variety of these, however, is suggested 
by the work of Chevenard and Wache (5) who used the balance to study the 
formation of the oxide film which gives certain unoxidizable alloys their 
resistance to chemical reaction; that of Doyle (17) who used the tech-
nique as a rapid method of assessing the thermal stability of polymers 
in inert atmosphere; of Duval (19) who applied the technique in studying 
the thermal stability of many precipitates of different elements to de-
termine their usefulness, and the thermal conditions needed for their 
use, in gravimetric analyses for these elements; and of Wendlandt (45) 
3 
who used the technique to determine the steps in the therma.l dissocia-
tion of the ethylenediamine, 1,2-propanediamine-, and 1,3-propanediamine-
complexes of copper (II) sulfate. 
Although the development of the thermobalance to its present state 
and a description of the particular thermobalance used in this investi-
gation will be discussed in other sections of this paper, the nature of 
the instrument deserves some innnediate mention. All well-designed 
thermobalances have three essential features which are as follows: (a) 
furnace or other heating device for subjecting the sample to known tem-
peratures, either fixed or increased at a known rate; (b) a weight-
change sensing device for following changes in weight of the sample; 
and (c) a recording device for making a record of the changes in weight. 
According to Gordon and Campbell (6), thermobalances may be divided into 
two groups -- namely, the null-type or the deflection-type. 
The null-type thermobalance may be illustrated schematically by 
Figure 1. This type balance consists of a sensing element, which de-
tects a deviation of the balance beam from its null position, and a de-
vice for supplying a restoring force of the proper direction and magni-
tude to return the balance to its null position. An example of this 
type thermobalance is one manufactured in Germany by Gebruder Netzsch 
and available in this country through C. A. Brinkmann and Co., Inc., 
Great Neck, Long Island, New York. 
NulJ. 
Det13ctor 
D {1 I I Restoring Force Weight ZS. ( either electrical Change or mechanical) 
Figure 1. Null-Type Balance 
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The deviation of the balance beam from the null-point is due to the 
change in weight; therefore, the restoring force will be proportional 
to the change in weight. This restoring force is recorded either di-
rectly or through an electro-mecha.nic'al transducer, thus giving a rec-
ord of the weight change. 
Deflection-type thermobalances may be illustrated schematically 
by Figure 2. This type of balance involves the conversion of balance 
beam deflections about the fulcrum into photographically recorded traces, 
the recording of electrical signals generated by appropriate displacement-




Figure 2. Deflection-Type Balances 
An example of the beam-type deflection thermobalance is the Chevenard 
therm.obalance described by Duval (19). In this balance a mirror, mounted 
on the erid of the balance beam, reflects a pin-point source of light onto 
photosensitive paper mounted on a drum which is rotated at a constant 
rate. An example of the spring-type deflection thermobalance is the one 
constructed by Gordon and Campbell (25). In this balance a linear va.riable 
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differential transformer armature is suspended below precision metal 
springs and inside a stationary coil. The sample pan is mounted below 
the armature. As the sample changes weight the armature moves in the 
coil causing a change in the current which is demodulated and recorded. 
The third type of deflection thermobalance is the cantilever-type. This 
is the type of thermobalance used in this investigation and was pattern-
ed after one constructed by Wendlandt (44). This thermobalance will be 
described in detail in another section of this paper. 
Amperometric Titrations 
Amperometric titrations are electrometric titrations based on the 
measurement of the diffusion current of the substance being titrated, 
of the reagent, or of both, during the titrations. The diffusion cur-
rents plotted are the same as would be obtained if complete polarograms 
had been made of the solution after each addition of titrant. It is 
known from polarography that the diffusion current is proportional to 
the concentration of a reducible or oxidizable substance. Therefore, 
in amperometric titrations, the voltage applied across the indicator 
electrode and the reference electrode of a polarographic cell is kept 
at a suitable constant value and the current passing through the cell 
is measured and plotted against the volume of reagent added . 
The voltage applied to the cell is selected f rom a voltage which 
would keep the currents on top of the polarographic wave of the diffus-
ing substance. If a complete polarogram is made after each addition of 
reagent, a series of polarographic waves like the ones in Figure 3 are 
obtained; consequently, if the voltage is kept at a value equal to "a" , 









Complexes of Copper Salts and 
Amines in Aqueous Solutions 
Since Alfred Werner, in 1893, proposed the theory of auxiliary or 
secondary valence, many tools have been applied to the study of these 
"Werner complexes'' and many new theories have been developed. The meth-
ods most often used to investigate these complexes were spectrophoto-
metric, conductometric or potentiometric in nature. It was not until 
recently that the technique of thermogravimetric analysis was applied 
to the study of these complexes (45) though decomposition temperatures 
of cupric chloride ammines were studied in 1919 (21) and again in 1925 
( 6) • 
Most of the investigation of complexes of metal salts with amines 
I 
and with ammonia have been in aqueous media. The properties of particu-
++ . ++ ++ la;r metal-ammonia complexes, such as Ag(NH3)2 , Zn(NH3\ , and Cu(NH3\ 
have been well established. 
Cupric salt-ammonia complexes having coordination numbers from one 
to six have been reported in the literature. Ephraim and Bolla (20) 
conducted dissociation pressure studies on copper salts with ammonia and 
found evidence of coordination numbers of four, five and six with ammonia 
molecules. Ephraim (21) reported a complex, stable to 107° C., in which 
7 
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the cupric ion appeared to coordinate with three and one-third moles 
of ammonia. Rencker (40), studying the therma.l decomposition of cupric 
sulfate-ammonia complexes, reported diammine and monoammine compounds 
or intermediates. Bhattacharya and Dey ( 5), while investiga.ting mix-
· tures of cupric sulfate and ammonium hydroxide solutions by conducto-
metric methods, found points of maximum conductivity corresponding to 
two, four, five, and six moles of ammonia per mole of cupric sulfate. 
Urazov, et al. (42) in studying the thermal decomposition of CuC12 · 
5NH3· H2o, by using a pyrometer and examining the product after each 
step by chemical analysis, found it to decompose in the following steps: 
100° > 
CuCl + NH4c1 
.Itis seen that cupric ion with ammonia has been reported in the litera-
ture to have coordination numbers from one to six. 
Cupric ion complexes with organic a.mine molecules have also been 
reported in the literature. Knobloch (30), employing a. potentiometric 
method, reported complexes of cupric ion with methylamine, dimethylamine, 
and pyridine. These complexes had the general formula Cu(Amine)4H- in 
which the cupric ion had a coordination number of four. A complex be-
tween cupric ion ... ~nd two pyridine molecules was reported by Bruehlman 
and Verhoek (10). Ethylenedia.mine and isobutylen~dia,mine form with cu-
pric chloride, dimeric complexes. Propylenediamine forms a complex 
with cupric chloride with Et ratio of two moles of diamine for each mole 
of cupric chloride (35). It is readily apparent from the above mentioned 
diamine complexes that cupric salts exhibit a coordination valency of 4 
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for cupric ion in the most stable chelate complexes. However, benzidine 
unites with cupric chloride in 1:1 molar ratio (33), 
Using the method of continuous variation, Haendler (27) found that 
the cupric ion forms complexes with one and two moles of diethylenetri-
amine. The diethylenetriamine molecule occupies 3 coordination posi-
tions. Another tridentate ligand is 2-(2-aminoethylamino) ethanol. 
It is reported to form complexes with the cupric ion also in molar 
ratios of 1:1 and 1:2 (28). 
In a polarographic study of the copper (II) complexes of monoetha-
nolam.ine, diethanolamine, and triethanolamine, Sturrock (41) reported 
the following complexes: 
(1) Monoethanolamine (MEA): 
Cu(MEA) 2(0H-) 2 and Cu(MEA) 2(oH-) 
(2) Diethanolamine (DEA): 
Cu(DEA)(OH-)3; Cu(DEA)(Oir\; and Cu(DEA)(OH-) 
(3) Triethanoiamine (TEA): 
Cu(TEA)(OH-)3; Cu(TEA) 2(0H-) 2; and Cu(TEA)(OH-) 
In aqueous solutions cupric salts most often exhibit coordination 
numbers of 4 and 6. 
Complexes of Copper Salts and 
Amines in Mixed Solvents 
An ion salvation study by Pom.inov (.38) in alcohol-water solutions 
showed that both water and alcohol molecules may be in the salvation 
envelope. An ethanol solution of cupric chloride with some water added 
was investigated by absorption spectra. Results indicated two molecules 
of water were present in the mixed alcohol-water envelope of cupric ions 
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in 0.0784 mole of cupric chloride per liter of ethanol. Pominov also 
showed that the degree of hydration of cupric chloride depends on the 
concentration of cupric chloride in aqueous-ethanol solutions. 
Vainshtein and Antipova-Karataeva (43), investigating the solva-
tion of ions in water, methanol, and ethanol, reported cupric chloride 
dihydrate to be solvated in the form of a tetragonal bypyramid. 
Aumeras and Tamisier (1) studied complexes between copper salts 
and the nitrogen bases, pyridine, nicotine, quinoline, allylamine, and 
ammonia. They found the s~ability of the complex to decrease with the 
degree of substitution and with increases in molecular weight of the 
amine. 
Korshunov and Malyugina (32), in a polarographic investigation of 
complexes of copper with pyridine, in a water-pyridine solution, found 
-t+ 
evidence for the formation of Cu(c5H5N)6 complex. 
Complexes of Copper Salts and Amines 
in Non-aqueous Solvents 
In comparison to the amount of work done in aqueous solutions, the 
work done in anhydrous solvents is meager. However, enough work has 
been published to indicate certain coordination numbers that are ex-
hibited by cupric chloride in a limited number of anhydrous solvents. 
In anhydrous alcoholic solutions cupric chloride has been reported 
as exhibiting coordination numbers ranging from 1:1 to 1:5 copper-to-
amine ratios. German and Jamsett (22) studied the reaction between 
metal salts and ammonia in methanol and ethanol by conductometric 
titrations. Their results showed the existence of a complex with 1:2 
and 1:3 copper-to-amine ratios in methanol and a 1:2 copper-to-amine 
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ratio in a complex which precipitated from ethanol solution. Pinkston 
and Briscoe (37), also using conductometric titrations, studied the 
complexes formed between cupric chloride and monoethanolamine, diethy-
lamine, and piperidine in ethanol solution. The copper-to-amine ratios 
were found to be as follows: 
(1) Monoethanolamine gave 1:1 and 1:3; 
(2) Diethylamine gave 1:1; 
(3) Piperidine gave 1:1.5. 
Metal chloride complexes with ethylethanolamine and ethyldiethanolamine 
in methanol were studies by Brintzinger and Hesse (7). Each of the 
amines combined with cupric chloride mole for mole in forming complexes. 
Using alcoholic media, Parasad and. Sharma (36) reacted cupric chloride 
with a number of primary, secondary and tertiary amines. Cupric chlo-
ride apparently coordinated with 2 moles each of aniline, P-toluidine, 
and o-toluidine. The secondary amines likewise coordinated 2 moles of 
amine to each mole of cupric chloride, but the tertiary amine appeared 
to coordinate mole for mole with cupric chloride. The formation of the 
compound CuC12·5NH3·2c2H50H by the NH3 treatment of a saturated solu-
tion of cupric chloride and lithium chloride in ethanol, was reported 
by Brusset and Burgard (11). 
Anhydrous methyl acetate and ethyl acetate were used as solvents 
by German and Jam.sett (23) in studying the formation of ammines with 
cupric chloride and other salts. In methyl acetate the complex CuC12· 
3NH3 precipitated from solution. The same compound was formed in ethyl 
acetate. 
High molecular weight amines have also been used in studying copper-
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amine complex formation. Broome, Ralston, and Thornton (8), using the 
anhydrous solvents ether and chloroform prepared complexes from cupric 
chloride and three different amines by six different methods. The 
amines used were dodecylamine, octadecylamine, and dioctylamine. They 
could prepare no complex with a higher metal-to-amine ratio than 1:2. 
Later, in a spectrophotometric study (9) of dodecylamine-cupric acetate 
system, in absolute methanol and chloroform, they could find no evidence of 
metal-to-amine ratios other than 1:2. Burkin (12) also studied the 
formation of cupric chloride-amine complexes in nonaqueous solvents, 
using higher molecular weight amines, by elemental analysis of the pre-
cipitated complex. He found the amines combined with cupric chloride 
in a ratio of 2 moles of amine to 1 mole of cupric chloride. The amines 
used were as follows: (1) n-octylamine; (2) dodecylamine; (3) tetrade-
cylamine; (4) hexadecylamine and (5) octadecylamine. When benzene was 
used as a solvent, ethylamine formed a complex with a 1:4 metal-to-
amine ratio. 
Caglioti, et al. (13) prepared several solid complexes between CUP-
ric chloride and diamines. The diamines used were H2N(CH2)nNH2, with 
n = 2, 3, 4, 5, 6, 8, and 10, and H2NCH2C6H4NH2 . Alcoholic solutions 
of cupric chloride and the diamines were mixed and precipitation usually 
occurred immediately. Three t ypes of complexes were obtained: 
(1) Cuc12·!Amine; 
(2) CuC12· Amine; 
(3) CuC12·2Amine. 
If two coordination positions were occupied by each diamine, the cupric 
ion thus exhibited coordination numbers of 1, 2, and 4. 
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Thermogravimetric Analysis 
It is impossible to determine the origin of thermogravimetric analy-
sis, for the idea of following the change in weight of a sample as a 
function of the temperature and time is very old. However, Honda (29) 
in 1915 coined the word "thermobalance" to describe the apparatus he 
constructed to study the pyrolysis of manganese and calcium sulfates 
and of calcium carbonate and the conversion of chromium(VI) oxide to 
chromium(III) oxide. The Honda ther:mobalance consisted of a balance 
with a quartz beam one arm of which had a porcelain dish suspended from 
it by way of a porcelain rod. The dish carrying the sample was sus~ 
pended in an electrically heated furnace. A fine steel spring was at-
tached to the other arm of the balance beam and anchored to the bottom 
of a Dewar flask containing an oil, the oil acting as a damper. Scale 
readings were made manually through an eye-piece in the side of the 
Dewar flask. 
Many samples were studied by other Japanese investigators subse-
quent to Honda's invention of the therm.obalance, but the next develop-
ment in the evolution of the thermobalance to its present state was made 
by Guichard (26). The Guichard thermobalance consisted of a beam with 
the sample holder attached to one arm extending into the furnace and 
with a rod attached to the other arm extending into an oil bath. The 
balance was maintained at its zero point by adding oil to the bath from 
a buret. The addition of a certain amount of oil corresponded to a 
certain weight loss in the sample. Guichard's chief contribution was 
that of ma.king the elevation of the furnace temperature a linear func-
tion of time. The original furnace was heated by a gas burner fed via 
a constant level device consisting of a valve with an attached float. 
This gas burner furnace was later replaced by an electric furnace . 
Rigollet (19), in 1934, inverted the electric furnace, thus making 
the sample opening at the bottom. This minimized disturbing convection 
currents and allowed working in atmospheres of gases whose specific 
gravities are less than unity at temperatures above 100°C. 
The first apparatus for making a continuous record of the sample 
weight change was made by Dubois (18). His thermobalance consisted of 
a beam one arm of which held the sample crucible in the furnace. The 
furnace was inverted like the one used by Rigollet. The other arm of 
the balance was counterpoised. The continuous record was made by means 
of a mirror mounted at a 45° angle and fixed to the beam at its fulcrum. 
A pin-point source of light was focused on the mirror which in turn re-
flected the light through a series of mirrors to be finally focused 
on a photographic paper or plate. 
In 1936 some experiments were conducted at the Acieries d'Imphy 
which proved that the knife-edge and agate plate of a normal balance 
could no longer be recommended when there is continuous contact between 
them instead of the intermittent contact involved in the ordinary meth-
ods of weighing. This problem was overcome by the development of the 
Chevenard thermobalance. 
P. Chevenard and R. Wache (15) in 1944 developed a thermobalance 
of the deflection type consisting of a wire-suspended balance beam with 
a mirror attached to one end of the beam. A pin-point source of light 
was focused on this mirror which, in turn, was reflected onto a photo-
sensitive paper mounted on a drum being turned at a constant rate. As 
the weight of the sample changed, the beam fluctuated, thus moving the 
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spot of light on the photo-sensitive paper and giving a record of weight 
change versus time. 
An electric furnace controlled by a rheostat was used with the 
Chevenard thermobalance. The rheostat was motor-driven, thus enabling 
the investigator to program the rate of heating. By varying the motor 
speed, the heating rate could be varied from 7°C. per minute to 2.7°C. 
per minute . The furnace was also equipped with a thermostat. By stop-
ping the drive motor on the rheostat, the furnace could be maintained 
at a fixed temperature for a period of hours with only a few tenths of 
a degree fluctuation. The furnace could also be operated on a tempera-
ture cycle; -- that is, the furnace would heat at a predetermined rate, 
reach a maximum temperature, hold it for a predetermined period of time, 
and cool at a predetennined rate. 
The light source-mirror-photosensitive paper recording system was 
later replaced by a pen recording system. The pen was linked mechani-
cally to the balance beam. In 1956 Gordon and Campbell (24) converted 
the photographically recording Chevenard thermobalance by electronic 
means to graphic recording. This was done by suspending the core of 
a linearly variable differential transformer from the mirror-end of the 
balance beam by a thread so it hangs freely within the transformer coil. 
The electrical signal from the transformer was rectified and fed into 
a potentiometric strip-chart recorder. 
While Chevenard developed his balance for the study of dry corro-
sion of metals, Duval (19) used it to study the pyrolysis curves of 967 
precipitates proposed for inorganic gravimetric analysis. Although 
until around 1950 relatively little work had been done in thermogravi-
metric analysis, the fact that in 1950 the Chevenard thermobalance 
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became commercially available gave great impetus to the heretofore in-
adequately used technique of thermogravimetric analysis. 
Between 1950 (when the Chevenard balance was made commercially 
available) and 1961, a large number of thermobalances were described 
in the literature. Most of these balances were converted analytical 
balances which used as weight change sensing devices a magnet and 
solenoid, a photocell and light beam arrangement, a linear-voltage dif-
ferential transformer, or the mirror and light beam with photographic 
recorder. 
Then in 1961, Wendlandt (44), seeking a thermobalance which could 
be used in vacuum or in a controlled atmosphere yet have a large load 
capacity, constructed a thermobalance using a strain gauge as the weight 
sensing device. This was approached by Williams (4) who in 1957 con-
structed a thermobalance using a length of strain gauge_ wire as the 
weight sensing device. However, Williams' instrument could not be 
operated under controlled atmosphere conditions. 
The thermobalance used in this investigation, which was patterned 
after that constructed by Wendlandt (44), will be described in detail 
in another section of this paper. 
Thermogravimetric Analysis of Complexes 
Though as was mentioned earlier in this historical review the ther-
mal decompositions of some metal-amine complexes have been studied, the 
only extensive thermogravimetric analysis of a copper-amine complex was 
conducted by Wendlandt (45), Wendlandt studied the thermal decomposi- · 
tion of mono-, bis-, and tris- (ethylenediamine)-, the bis-(1,2-propane-
diamine)-, the bis-(1,3-propanediamine)- complexes of copper(II) sulfate 
and found that these complexes dissociate as follows: 
(1) Mono-(ethylenediamine)-complex (en-complex): 
130° Cu(en)(H2o) 2so4 ~ Cu(en)so4 + 2H2o 
Cu(en)so4 
300-0 --------.> CuO + Decomposition Products 
(2) Bis-(ethylenediamine)-complex: 
Cu(en) 2so4 280° >- euso4 +en+ Decomposition 
Products 
euso4 220° ;,,,, CuO + so3 -----... 
(3) Tris-(ethylenediamine)-complex: 
275° _....___~ Cu(en)2so4 + en 
290° ----'----->""' Cu ( en) SO 4 + en 
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Cu(en)so4 300° --'--'-~) CuO +en+ Decomposition Products 
(4) Bis-(1,2-propanediamine)-complex (pn-complex): 
250° Cu(pn) 2so4 > Cuso4 + pn + Decomposition 
Products 
euso4 390° > CuO + so3 
(5) Bis-(1,3-propanediamine)-complex (tm-complex): 
200° ---'~-~> Cuso4 + tm + Decomposition 
Products 
CuS04 390° > CuO + so3 
In comparing the bis-(amine)- complexes, the order of decreasing ther-
mal stability was: · 
CHAPTER III 
APPARATUS 
The thermobalance used in this investigation, Figure 4, was built 
around strain gauge transducer Model No. GIOB-0.15-350 purchased from 
Sta.tham Instruments, Inc., 12401 W. Olympic Blvd., Los Angeles 64, 
California. This is the same transducer which Wendlandt (44) used in 
his thermobalance. The 9-volt excitation voltage for the strain gauge 
was provided by two 6-volt lead storage batteries connected in series 
across a voltage-divider. 
In Figure 4, the strain gauge, A, was provided with a 20 cm. stain-
less steel extension arm, B, to increase its sensitivity. A brass rod 
counterpoise, C, fitted with brass nuts, was used to counterbalance the 
extension arm, suspension wires, and sample pan. 
The sample pan and suspension wires were all platinum metal. The 
sample pan, D, was constructed from 0.0035 inch thick platinum foil 
and was 15 mm in diameter. The platinum suspension consisted of three 
sections. The first section, E, of platinum wire was 12,5 cm. in length 
and 0.4 mm in diameter. The second section, F, was 17,5 cm. in length 
and 0.5 nun in diameter. The third section, G, was 25 cm. long and 0.8 
mm in diameter. 
The suspension wires were enclosed in a Pyrex tube provided with 
a water-jacket condenser, H, and a jacket for admitting the nitrogen 
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Figure 4. The Thermobalance 
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in diameter. It joined to the Pyrex assembly by a standard-taper 29/42 
Vycor joint. 
The quartz sample dish, K, was 12 mm in diameter and 2 mm in height. 
The furnace was constructed using a 2-lb. coffee can and chromel-A 
heating elements, L, with 30 ohms resistance. The furnace was insulated 
top and bottom with 3/4-inch thick asbestos board insulation. Johns-
Mansville Celite analytical filter aid was used as insulation around 
the sides of the furnace. 
The power supply for the furnace was a motor-driven 1 KVA Variac. 
Three gear ratios were available so the heating rate could be 16°C. per 
minute, 8.9°C. per minute, or 7.5°C. per minute. The latter rate was 
the one used in this investigation. 
The circuit for the thermobalance was very similar to the one used 
by Wendlandt (44), 
The signal from the strain gauge was recorded by a Sargent Model 
SR recorder with a 1.0 mv. range plug and using a chart speed of 0.1 
inch per minute. Difficulty was encountered with the pen supplied with 
the recorder so it was replaced by a K&E Leroy pen. Very good traces 
were then obtained. 
The automatic titration apparatus used in this investigation con-
sisted essentially of a motor-driven 10 cc. hypodermic syringe and a 
Beckman Zeromatic pH Meter used as a potentiometer. A small electric 
motor operated a worm-gear plunger which moved the syringe plunger. 
The syringe had a No. 19 hypodermic needle which was extended into the 
titration vessel through a ser1Illl rubber stopper . 
The titration vessel was a 200 ml. tall-form electrolytic beaker 
with a small side arm sealed into it 2 cm. from the bottom of the beaker. 
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The side arm had an internal diameter of 6 mm and was 1 cm. in length, 
and was closed by the serum rubber stopper. 
A high-pH glass electrode was used in the titration of tributylamine. 
A regular glass electrode and a silver wire were used as the electrodes 
in the chloride determination. 
The syringe was calibrated "to deliver" with a standard acid and 
a standard base, the assumption being made (and later verified) that 
the bore of the syringe was uniform. Various delivery rates were avail-
able through varying the gear ratio between the motor and the worm gear. 
The fastest delivery rate was 10 cc. per minute and the slowest rate 
was 10 cc . per 50 minutes. By trial-and-error it was found that a de-
livery rate of 10 cc. per 5 minutes was optimum for this investigation. 
The signal from the Beckman Zeromatic first was recorded by a 
Sargent Model SR recorder used at a sensitivity of 125 mv. per 10 inches 
to record the i R-drop across a 620-ohm resistor in the pH meter circuit. 
The change in the signal at the end point did not give a large enough 
deflection on the recorder chart; therefore the original 620-ohm resis-
tor was replaced by a 1,500-ohm resistor. This alteration gave a signal 
of the proper magnitude. 
A Sargent Model X:l polarograph with a Sargent Model A I R-Compensator 
was used for the amperometric titrations. The pol ar ogr aphic cell used 
was the one described under Sargent Catalog No. S- 29322 , with two satu-
rated calomel electrodes. The titrant was added f r om a certified 10.00 
ml. buret. 
All pipets used in this investigation were calibrated in t his labo-
ratory using the procedure given by Ayres (2), pp. 296- 8 . 
CHAPTER IV 
REAGENTS 
.Ammonium Hydroxide - Fisher Scientific reagent grade was used 
without further purification. 
Bacto-agar - 11Difco 11 standard grade prepared by the Difeo Labo-
ratories was used without further purification. 
Carbon Tetrachloride - J, T. Baker N. F. Grade was used without 
further purification. 
Cupric Chloride Dihydrate - Fisher Scientific reagent grade was 
used without further purification. 
Cupric Sulfate Pentahydrate ~ Fisher Scientific reagent grade was 
used without further purification. 
Diethyl Ether - U.S. Industrial Chemical U.S. P. grade was used 
without further purification. 
Hydrazine Sulfate - Eastman Kodak reagent grade was used without 
further purification. 
Hydrochloric Acid - Fisher Scientific O.lOON standard volumetric 
solution and J. T. Baker reagent grade were used without further puri-
fication. 
Lithium Chloride - Fisher Scientific reagent grade was used with-
out further purification. 
Mercury - Redistilled mercury was filtered on a gold filter and 
vacuum distilled in this laboratory. 
Nitric Acid - J. T. Baker reagent grade was used without further 
purification. 
Nitrogen - Linde laboratory grade nitrogen was used without fur-
ther purification for the thermobalance. For the amperometric titra~ 
tions, Linde laboratory grade nitrogen was used after being passed 
through two towers of chromous sulfate-sulfuric acid-amalgamated zinc, 
a column of glass wool, a column of silica gel drying agent, and two 
presaturator towers filled with 2-propanol. 
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Potassium Carbonate - J, T. Baker anhydrous purified grade was 
used without further purification. 
Potassium Chloride - Fisher Scientific reagent grade was used 
without further purification. 
Potassium Chromate - Fisher Scientific reagent grade was used 
without further purification. 
Potassium Hydrogen Phthalate - Fisher Scientific reagent grade 
was used without further purification. 
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Potassium Hydroxide - J. T. Baker reagent grade was used without 
further purification. 
Potassium Iodide - Baker and Adams reagent grade was used without 
further purification. 
Potassium Thiocyanate - Fisher Scientific reagent grade was used 
without further purification. 
Potassium Thiosulfate - Fisher Scientific reagent grade was used 
without further purification. 
2-Propanol - J. T. Baker reagent grade was used after being dis-
tilled first in the presence of potassium hydroxide and then in the 
presence of anhydrous potassium carbonate. 
Silver Nitrate - J. T. Baker reagent grade was used without further 
purification. 
Sodium Hydroxide - Fisher Scientific reagent grade was used without 
f urther purification. 
Sodium Nitrate - Fisher Scientific reagent grade was used without 
further purification. 
Sulfuric Acid - Fisher Scientific reagent grade was used without 
further purification. 
Tributylamine - Eastman Organic Chemicals white l abel grade was 
used without further purification. 
2,2,4 - Trimethylpentane - Eastman Organic Chemicals practical 
grade was used without further purification. 
CHAPTER V 
EXPERIMENTATION 
The invention of the iR-compensator by Dr. Paul Arthur made possi-
ble the extension of the electroanalytical technique of amperometric 
titrations to nonaqueous solvents. It was while an attempt was being 
made to use organic amines as titrants for cupric ion in alcholic solu-
tion that an unexpected phenomenon was observed -- namely, that although 
the· titration proceeded as expected up to a certain point, when this 
point was reached, the diffusion current continued gradually to decrease 
without any further addition of titrant. This gradual decrease of dif-
fusion current plus the fact that a turbidity slowly developed, suggested 
the formation of an insoluble complex. Preliminary results of the am-
perometric titrations indicated that the copper (II) was exhibiting a 
coordination number with the amine of 1.5 .. This is radically different 
from the coordination numbers reported for this ion in aqueous media. 
Since in these titrations, amine, water (from the euc12·2H2o), and 
2-propanol all were present, it was obvious that many complexes might 
be formed. It was decided, therefore, to investigate this complex by 
both chemical analysis and thermogravimetric analysis. The chemical 
analysis would reveal the mole ratio of copper to amine and to chloride, 
while it was hoped that thermogravimetric analysis of the freshly-
-
precipitated complex would indicate (1) wJ;IetJier or nctt the 2-propanol 
was acting as a ligand, and (2) whether any of the alcohol or amine 
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was loosely bound, with the rest more firmly bound. 
Since the preliminary investigations had been done with n-butyla-
mine as the titrant, it was decided additional information could be 
obtained by using tributylamine as titrant for this study. 
Chemical Analysis 
Preparation of Copper-Tributylamine Complex 
The copper-tributylamine complex, which was analyzed for copper, 
L 
tributylamine, and chloride by chemical methods, was prepared from so-
lutions of cupric chloride dihydrate and tributylamine in 2-propanol 
which was 0.1M in lithium chloride. The complex was prepared by two 
methods which differed only in whether the cupric chloride solution 
was added to the tributylamine solution or the tributylamine solution 
was added to the cupric chloride. The complex had the same physical 
appearance regardless of the order of mixing the solutions. However, 
the complex precipitated almost immediately when the cupric chloride 
solution was added to the tributylamine solution. This compares to a 
thirty minute to one hour waiting period which was necessary for the 
precipitate to form when the tributylamine solution was added to the 
cupric chloride solution. 
As previously mentioned, the precipitation of this copper-amine 
complex was first noted during an amperometric titration. In order to 
duplicate the conditions of an arnperometric titration in the prepara-
tion of the complex for chemical analysis, the cupric chloride and 
tributylamine solutions were made up in 0.1M lithium chloride solution 
in 2-propanol since lithium chloride or another electrolyte is neces-
sary in arnperometric titrations. 
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The steps in preparing the complex for chemical analysis were as 
follows: 
(1) 300 ml. of O.OlM tributylamine in 2-propanol O.lM with lithium 
chloride were placed in a 500 ml. Erlenmeyer flask on a magnetic stirrer. 
A 2-propanol solE,~ion of 200 ml. of O.OlM cupric chloride dihydrate 
(~lso in 2-propanol O.lM with lithium chloride) was added, in 50.0 ml. 
portions, to the tributylamine solution with stirring, 
An alternate first step was also used in which a solution of 200 
ml. of O.OlM cupric chloride dihydrate (in O.lM lithium chloride in 2-
propanol) was placed in a 500 ml. Erlenmeyer flask on a magnetic stirrer. 
A solution of 300 ml. of O.OlM tributylamine (in O.lM lithium chloride 
in 2-propanol) was added, in 50 ml. portions, to the cupric chloride 
dihydrate. 
(2) . The solution was divided between two 250 ml. centrifuge bot-
tles and allowed to stand until the complex precipitate was well formed. 
(3) The precipitate was then centrifuged and the liquid decanted . 
. The preciP.itate was washed five times with 50 ml. portions of 2-propanol 
by centrifuging and decanting. 
(4) The precipitated copper-amine complex from each bottle was 
dissolved in distilled water with the aid of three drops of concentrated 
sulfuric acid, each transferred to a 100 ml. volumetric flask, and di-
luted to volume. , Aliquots to be analyzed were taken from the volumet-
ric flasks. 
In the above preparation procedure the washing of the precipitated 
complex with 2-propanol was done to rid the precipitate of excess chlo-
ride from the lithium chloride which might have adhered to its surface. 
The decision to wash the complex five times was made after conducting 
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an experiment in which the washings were tested for chloride with sil-
ver nitrate. This experiment was conducted by taking two 10 ml. samples 
from the wash solution. Five milliliters of l.OM silver nitrate were 
a:dded to the first sample and the second sample was saved to be compared 
with a sample from the second wash solution. After the two 10 ml. sam-
ples were collected from the second wash solution, 5 ml. of silver ni-
trate each were added to the second sample from washing I and the first 
sample from washing II. This process was continued until there was no 
,1. 
turbidity produced by the silver nitra·te as shown by comparing the 
second sample of one washing with the first sample of the next washing. 
It was found that five washings with 5Q ml. portions of 2-propanol would 
rid the sample of all excess chloride. , 
The copper-tributylamine complex which was used for thermogravi-
metric analysis was prepared by a somewhat different method, the cupric 
chloride dihydrate and tributylamine solutions used in the preparation 
being in pure 2-propa.nol with no lithium chloride supporting electrolyte 
present. 
The steps in the preparation of the complex were as follows: 
(1) A 100 ml. solution of 0.01.M cupric chloride dihydrate was 
placed in a 250 ml. Erlenmeyer flask on a magnetic stirrer. A solution 
of 150 ml. of 0.01.M tributylamine was added, in 25 ml. portions, to 
the cupric chloride dihydrate solution. 
(2) The solution was transferred ·to a 250 ml. centrifuge bottle 
and allowed to stand until the precipitate had formed. 
(3) The complex was centrifuged and the supernatant liquid was 
decanted. 
(4) The precipitated complex was· washed once with 2-propanol, 
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centrifuged, and the wash solution decanted. 
(5) The centrifuge bottle ~as inverted and allowed to drain for 
two to three minutes. 
(6) The sample for the thermogravimetric analysis was taken di-
rectly from the centrifuge bottle while still wet and placed on the 
balance pan. The sample size was usually about 50 mg. 
It may be noted that the complex prepared for thermogravimetric 
analysis was washed only one t:!,me as compared to washing the precipi-
tated complex five times for chemical analysis. This was done because 
no lithium chloride (supporting electrolyte) was present in the solu-
tions used to prepare the complex. One washing was considered to be 
sufficient to rid the complex of any appreciable amount of foreign 
ions or excess amine which might have adhered to it. 
In this study it was necessary to analyze for three components, 
' 
the amine, chloride, and copper. It was thought, at first, that con-
ventional wet chemical methods would be adequate for the analyses. 
This was not the case. 
Amine Analysis. 
The Kjeldahl analysis for nitrogen was first attempted for the 
determination of tributylamine. A standard sample of tributylamine in 
50% 2-propanol and 50% water was used in testing this analysis. The 
sample was very difficult to digest. One milliliter of standard sample 
was placed in a micro-Kjeldahl flask and one milliliter of concentrated 
sulfuric acid and a selenium granule were added. This solution was di-
gested for approximately two hours. At the end of this period a large 
carbon residue still was present. Three drops of hydrogen peroxide. 
(30%) added six different times with a short period of heating in 
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between each addition did not destroy the carbon residue. Additional 
concentrated sulfuric acid and potassium sulfate (O.~g.) then were ad-
ded and the digestion was continued for a period of six hours. With 
this treatment the carbon residue was eliminated but the sample had a 
turbid appearance rather than being clear as it should have been . 
Since a more r apid method was wanted f or the tributyl amine de-
termination, a steam distillation from strongly alkaline solution was 
tried. Again a standard amine sample from a 50% water and 50% 2-
propanol solution was used. The distillation was to be followed by a 
titration of the free amine with hydrochloric acid. The distillation 
did not give quantitative or reproducible results. 
There seemed reason to feel that the poor results of the method 
involving digestion might be due to the abnormal length of time required 
f or the digestion. A suspicion that the l arge carbon residue was due 
to the sulfuric acid attacking the 2-propanol was confirmed by running 
a blank consisting of one milliliter of 50% water and 50% 2-propanol 
solution. After about 15 minutes of digestion the large, black residue 
of car bon was present . 
In order to eliminate the excessively l arge carbon residue, another 
one milliliter sample was run in which the sample was first acidified 
with 2 drops of concentrated sulfuric acid t o convert the free amine 
to the salt and then evaporated to about one-third the original volume. 
To this sample were then added 2 ml. of concentrated sulfuric acid with 
a selenium granule as a catalyst. After a few hours digestion the car-
bon residue was still present. Hydrogen peroxide had no visible eff ect 
upon this residue. 
Another 1 ml. sample of the standard tributylamine solution was 
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taken, acidified with 3 drops of concentrated sulfuric acid, and evapo-
rated to one-third the original volume. Three ml. of concentrated sul-
furic acid and two selenium granules were than added and the sample was 
digested for two hours. The carbon residue was present at the end of 
this period. The sample was then heated very vigorously for one-half 
hour. At the end of this period the solution was clear. However, this 
analysis was not rapid enough. 
It was then decided to try a potentiometric titration to determine 
tributylamine. A manual titration of tributylamine with O.lOON hyrdo-
chloric acid using a buret and pH meter showed the titration curve to 
be quite suitable. The automatic 1;.itra,tion apparatus, described in a 
previous section, was then used to titrate the tributylamine. Various 
speeds of titration and concentration of solutions had to be tried be-
fore the correct combination was found. 
This potentiometric titration gave the desired results for the 
free amine but it was realized that in the unknown samples the tributy-
lamine would be in the form of salts. It was also found that tributyla-
mine .interfered with the chloride and copper analyses. It was decided, ther~-· _ 
fore,. to separate the amine from the others by making the aqueous layer 
basic and extracting with an immiscible solvent. 
For this extraction a solvent was needed which would separate from 
the basic aqueous phase rapidly so the extraction could be repeated 
three or four times in a short period. Also, in order to eliminate a 
time-consuming step of evaporating the solvent a,nd then adding the · 2 .... 
propanol to perform the titration, a solvent was needed which, diluted 
with an equal volume of 2-propanol, would serve as a suitable solvent 
for the potentiometric titration. 
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Diethyl ether, the first extracting solvent tried, proved to be 
unsatisfactory because not only was it partly miscible with the aqueous 
layer, but also the time required for the ether layer to separate made 
the extraction process too time consuming. 
Ca,rbon tetrachloride was the next extracting solvent used. The 
,L• !. . . .. ,.·t 
solvent separated nicely from the aqueous layer thus speeding the ex-
traction process; however, an attempt to perform the potentiometric 
titration in a 50% 2-propa.nol and 50% carbon tetrachloride solution 
met with difficulty. With a .. gla.ss electrode a.s an indicator electrode 
and a calomel electrode as the reference electrode, a stable response 
could not be obta.ined, probably through the nonaqueous layer interfering 
with the asbestos fiber of the ca.lomel reference electrode. 
A new reference electrode consisting basically of a silver-silver 
oh.loride electrode was substituted for the calomel. The electrode., Fig-
u.re 5, consisted of a silver wire with a coat of silver chloride (A) 
surrounded by al.OM aqueous solution of lithium chloride (E). This 
solution was contained in a glass sleeve sealed at its lower end with 
a coarse glass frit (B). An agar plug ( C), prepared by dissolving 
3,5g. of agar in 100 ml. of aqueous 1M lithium chloride, was placed 
over the glass frit. This sleeve was in turn surrounded by a glass· 
sleeve (F) with an asbestos fiber sealed in the end. A 2-propanol 
solution of 1.0M lithium chloride was placed in this outside sleeve. 
A number of attempts were made to use this electrode in the po-
tentiometric titration of tributylamine in 50% 2-propano1 and 50% car-
bon tetrachloride. An erratic electrode potential was encountered in 
each case. It was thought that the nonaqueous layer was again inter-
fering with the asbest0s fiber. However, after the fiber was rinsed 
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with acetone and soaked in al.OM lithium chloride solution in 2-pro-
panol, the response was still erratic. The use of carbon tetrachloride 




Figure 5, Illustrating the Silver-Silver 
Chloride Electrode with Sleeves 
Isooctane, which was next tried as an extracting solvent, worked 
excellently. It separated rapidly from the aqueous layer and potentio-
metric titrations of tributylamine performed in a 50% 2-propanol and 
50% isooctane solution with glass and calomel electrodes gave good re-
.sults. The calomel electrode was protected with a glass sleeve having 
an asbestos fiber sealed in its end. This sleeve was filled with O.lM · 
aqueous lithium chloride. 
In order to extract the amine from the aqueous layer the solution 
must first be made basic. Potassium hydroxide was first used for this 
purpose but it gave a precipitate of cupric hydroxide thus introducing 
another phase during the extraction. To eliminate this precipitate, 
ammonium hydroxide was used. To make certain that ammonia would not 
be extracted with the tributylamine, a blank was run. This consisted 
of a 0.001M solution of ammonium hydroxide. A 75 ml. sample of the 
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ammonium hydroxide was extracted and analyzed by the same method as 
that used in analyzing for the amine. The results indicated that the 
annnonium hydroxide was not extracted appreciably by the isooctane. 
The final analysis procedure adopted for tributylamine was as fol-
lows: 
(1) An aliquot of the unknown sample was pipetted into a 125 ml. 
separatory funnel. 
(2) The sample was made basic with 1:1 ammonium hydroxide, the 
ammonium hydroxide being added until the odor of annnonia was slightly 
detectable over the solution. 
(3) The basic sample was extracted three times with 20 ml. por~ 
tions of practical grade isooctane and the extracts collected. The 
aqueous layer was set aside to be analyzed for copper. 
(4) The isooctane layer was transferred to an automatic titration 
vessel, fresh isooctane being used to rinse the collection vessel. 
(5) The isooctane solution was evaporated to a volume of 50 ml. 
and then diluted with 50 ml. of 0.2M lithium chloride in 2-propanol. 
The evaporation of the sample was expedited by passing nitrogen gas 
over the sample while it was on a hot plate in the hood. 
(6) The diluted sample was then titrated in the automatic titra-
tion apparatus with standard O.lN HCl in 2-propanol solution. In the 
titration a glass electrode was used as the indicator electrode and a 
calomel electrode fitted with the 0.1M lithium chloride (aqueous) 
sleeve was used as the reference electrode. 
A check was made on the accuracy of this procedure by analyzing 
a sample containing known concentrations of amine, copper, and chloride. 
It was found that the method gave an average error of 1.8% which is 
sufficiently accurate for this investigation. 
Copper Analysis 
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Copper was the next component for which to analyze. The method 
used was similar to the one given by Ayres (2). 
In the first attempts at analyzing the sample, the tributylamine 
was left in the solution. It was found, however, that the amine inter-
fered with the starch indicator used in the copper titration; conse-
quently, the separation of the amine from the copper by extraction as 
described above was employed. 
Earlier, an attempt was made to reduce the copper to the metal, 
filter it from solution, redissolve it and perform the analysis by the 
iodometric method. The copper reduction was carried out by using hydra-
zine sulfate in a basic solution and heating for a short period on a 
water bath. The excess hydrazine sulfate was destroyed with hydrogen 
peroxide and the excess hydrogen peroxide was destroyed by boiling the 
solution. The copper was then filtered, and the analysis performed. 
Fair results were obtainedb..rt the procedure was too time consuming so 
it was abandoned. 
The final analysis procedure adopted for copper was as follows: 
(1) The pH of the aqueous layer from the tributylamine extraction 
procedure was adjusted to 2.0 with 3N sulfuric acid, pHydrion paper, 
and a glass stirring rod being employed. 
(2) Approximately one gram of potassium iodide was added to the 
sample and dissolved. 
(3) The sample was titrated to a straw-yellow color with a stand-
ard O.lN sodium thiosulfate solution using a 10.00 ml. microburet. 
(4) Approximately one gram of potassium thiocyanate was added to 
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the solution and dissolved. 
(5) One milliliter of starch indicator was then added to the sam-
ple. 
(6) The titration with sodium thiosulfate was continued until the 
disappearance of the blue color. 
A check was made on the accuracy of this analysis by analyzing a 
sample containing a known concentration of copper, tributylamine, and 
chloride. It was found that the method gave an.error of 0.6% which is 
sufficiently accurate for this investigation. 
Chloride Analysis 
Chloride was the remaining component for which to analyze. The 
first analytical method attempted was the Mohr method as described by 
Ayres (3), 
Difficulty was encountered in detecting the end-point since the 
titration was being done on a solution whose chloride concentration was 
approximately O .004M. By using a. yellow light in a darkened room, ex-
cellent results were obtained for a solution which contained only chJo-
ride. When a solution containing copper was analyzed, however, the 
end-point could not be reproduced because of the interference of the 
blue color of the cupric ion. 
Due to the nature of the difficulties encountered in the Mohr method, 
it was decided not to attempt the Fajans or Volhard methods, but to de-
termine the chloride by a potentiometric titration. The method used· 
was similar to one given by Reilley and Sawyer (39), A silver wire was 
used as the indicator electrode and a glass electrode was used as the 
reference electrode. The automatic titration apparatus with pH meter 
and recorder were used in this determination. 
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A direct titration of the unknown chloride with silver nitrate 
was first attempted. Difficulty was encountered when the silver ni-
trate reacted with something in the syringe needle forming a precipi-
tate. .The syringe and needle were washed thoroughly with acid and water 
but the precipitate still formed. It was then decided to use a back-
titration method. 
The resistor, which was used in the pH meter for the tributylamine 
determination, also gave a nice inflection point for this titration 
curve. Also, the delivery rate of the titrant had to be adjusted by 
a trial-and-error method in order to get a good titration curve. This 
was done by changing the gears on the syringe drive. 
The final analytical procedure for chloride determination was as 
follows: 
(1) An aliquot (usually 25 ml.) of the unknown sample was pipetted 
into the automatic titration vessel. 
(2) Ten drops of 6N nitric acid were added to the sample. 
(3) Excess standardized O.lOON silver nitrate was added to the 
sample. 
(4) The sample was diluted to a volume of 100 ml. with distilled 
water. 
( 5) The excess silver nitrate was then titrated potentiometrically 
with standard O.lOON potassium chloride. 
A check was made on the accuracy of the procedure by analyzing 
samples of known chloride concentration. The samples contained cop-
per and· tributyla.mµie · d.n · addition. to"'.the chloride .. · , It was found,. 
that the method gave an average error of O ~ 6% with a deviation of · 
2 parts per thousand. 
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Results of Chemical Analysis of Complex 
The copper-tributylamine complex, prepared by each of the methods 
described previously, was analyzed giving the results recorded in Table I. 
The copper-tributylamine complex was again prepared by the previ-
ously described methods except, in this case, the O.Ol.M cupric chloride 
and O.OIM tributylamine solutions were not O.lM in lithium chloride. 
Also, the precipitated complex was washed only one time with 2-pro-
panel. The chemical analysis gave the results recorded in Table II. 
TABLE I 
RESULTS OF THE CHEMICAL ANALYSIS OF THE COPPER-
TRIBUTYLAMINE COMPLEX PRECIPITATED 
FROM O.lM LiCl SOLUTION 
Method of Preparation Ratio: Cu:Cl:Tributylamine 
Added tributylamine 
to cupric chloride 1.00 :0 .49 :0 .0133 
Added cupric chloride 
to tributylamine 1.00:0.46:0.0153 
TABLE II 
RESULTS OF THE CHEMICAL ANALYSIS OF THE COPPER-
TRIBUTYLAMINE COMPLEX PRECIPITATED 
FROM PURE 2-PROPANOL SOLUTION 
Method of Preparation Ratio: Cu:Cl:Tributylamine 
Added tributylamine 
1.00 :0. 66 :() .0372 to cupric chloride 
Added cupric chloride 
to tributylamine 1.00 :0. 64 :0 .0322 
\ 
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In the chemical analyses results, the ratios were based upon the 
copper concentration. This was done because the cupric ion is the nu-
cleus of the complex. 
It may be seen, from Table I, that regardless of the method of 
preparation the results were very nearly the same. The reason the tri-
butylamine is present in a small amount was thought, at first, to be 
due to the amine being extracted with the wash solution during the wash-
ing process. The increase in amine with less washing (Table II) was 
not large, however, as will be shown later, other reasons for the low 
amine are more probable. 
Amperometric Titrations 
Experiments 
Amperometric titrations were performed between cupric chloride di-
hydrate and tributylamine in 2-propanol solution. The apparatus used 
for these titrations is described in the apparatus section of this pa.per. 
In the amperometric titrations a complete polarogram was run after 
each addition of titrant. The polarograms usually were found to have 
three waves. For each wave, a voltage was selected which would top the 
wave and the change in diffusion current was plotted as in a regular 
amperometric titration. The voltages selected were -0.15, -0.75, and 
-1.83 
The results of these titrations were corrected for residual current 
and dilution. The dilution correction was made by applying the follow-
ing formula: 
V + V · I T 
Corrected id= VI id 
39 
Where Vi is the initial volume of the sample; VT is the volume of tit-
ran~ added; and id is the measured diffusion current. 
It is known that the diffusion current of most metal ions increases 
about 2% per degree rise in the temperature in aqueous solutions. It 
was thought that this would not be the same for a 2-propa.nol solution 
so an experiment was conducted to determine the relationship between 
temperature and the diffusion current. 
A 75,00 ml. sample of 1.056 X 10-~ cupric chloride in 2-propa.nol 
was placed in the Sargent polarographic cell used in the amperometric 
titrations. The cell was immersed in an oil bath and the temperature 
elevated. When the temperature of the bath and sample reached equili-
brium the diffusion current was measured. This temperature was 32,45°C. 
The cell was then cooled with a water bath until equilibrium was again 
attained and the diffusion current was measured. The lower temperature 
was 23.90°C. The diffusion current at the higher temperature was 3,7 Af 
A. and at the lower temperature it was 3,2 ""tA., showing a decrease of 
0.5 A.JA. Thus, the diffusion current increases 1,9% for each degree 
rise in temperature. Therefore, the temperature-diffusion current re-
lationship is the same for the cupric ion in 2-propa.nol as in aqueous 
solutions. 
As the above experiment indicated the diffusion current could be 
read with 1% accuracy for a temperature range of! 0.5 degree centigrade. 
Consequently, the polarographic cell used in these titrations was not 
immersed in a constant-temperature bath because little difficulty was 
encountered in controlling the temperature within a± 0.5 degree range. 
The few points that fell outside this temperature range were corrected 
for the variation in diffusion current. 
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Results of Amperometric Titrations 
In all, six arnperometric titrations were performed. Three of these 
were conducted by titrating 75.00 ml. of 0.998 X 10-~ tributylamine 
with 0.0212M cupric chloride dihydrate. A total of 7.200 ml. of tit-
rant was added in 0.400 ml. increments. Three titrations were then 
performed by using the tributylamine as titrant. In this latter case, 
75.00 ml. of 1.056 X lo-3M cupric chloride dihydrate were titrated with 
7.200 ml. of 0.01996M tributylamine. Again the titrant was added in 
0.400 ml. increments. The results of the above titrations are recorded 
graphically in Figures 6 - 11. 
Figures 6 through 11 are regular arnperometric titration curves where 
the diffusion current is plotted against the milliliters of titrant added. 
·· The dashed-vertical lines indicate the ratio of copper to tribytylamine 
at the indicated points in the titration. In Figures 6 through 8 the 
curve labeled "No. l'1 is from a titration which was performed much more 
slowly than the other two titrations. Therefore, it could represent a dif-
ferent stage in the equilibrium between the tributylamine and cupric 
chloride . 
In Figure 6, two of the curves showed inflection points where 4.700 
ml. of titrant had been added. This point corresponded to a copper-to-
amine ratio of 1.00:0.751. The curve for titration No. 1 showed no in-
flection. 
In Figure 7, titration No. 1 gave an inflection point corresponding 
to a copper-to-tributylamine ratio of 1.00:1.177. Titrations No. 2 and 
No. 3 had inflection points corresponding to a copper-to-tributylamine 
ratio of 1.00:1.765. 
In Figure 8, titration No. 1 was the only one which had an inflection. 
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It occurred at a point corresponding to a copper-to-tributylamine ratio 
of 1.00:1.765. 
The data. from the amperometric titration of tributylamine with cup-
ric chloride did not indicate that the copper combined with the tributy-
lamina on a whole mole basis. That is, the ratios of copper-to-tributy-
lamine of 1:1, 1:2, etc. were not observed. It appeared that copper 
exhibited a coordination number which was not a whole number for the 
tributylamine. 
In Figure 9, titration No. 1 gave inflection points corresponding 
to ratios of 1.00:0.605 and 1.00:1.210 for copper-to-amine. The data 
for titrations 2 and; were not as complete as that for No. l due to 
the interference of a ma.x:imum in the polarogra.phic wave. However, 
these titrations showed the same inflection a.t a point corresponding 
to a copper-to-tributylamine ratio of 1.00:1,210 as did titration No. 1. 
In Figure 10, there was only one inflection point and it was shown 
by all the titrations. It corresponded to a copper-to-~ributylamine 
ratio of 1.00:1.260. 
In Figure 11, titration No. l showed an inflection at a point cor-
responding to a ratio of copper-to-tributylamine of 1.00:1.210. Titra-
tion No. 2 gave an inflection at a point corresponding to a ratio of 
1.00:1.109 and titration No. 3 gave an inflection at a ratio of 1.00:1.00. 
Thus in the data from the amperometric titration of cupric chloride 
with tributylamine, copper seemed to exhibit a coordination number with 
the tributylamine which was a whole number only one time. The remainder 
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Unless a definite ratio between the copper and tributylamine can 
be established, this amine can not be used in the determination of COP-
per by amperometric titration. However, it may be noted that the curves 
from Figures 6 and 10 do closely resemble a well-behaved amperometric 
titration. That is, the intersection of two straight lines with differ-
ent slopes is evident. 
Thermogravimetric Analzf!..~. 
The the:rmobalance used for the thermogravimetric analysis of copper-
tributylamine complexes is in this paper in the section on apparatus. 
It was necessary to calibrate this apparatus to determine the relation 
between the displacement given by the recorder and the weight change of 
the sample. 
The calibration procedure was as follows: 
(1) The strain gauge transducer was activated by applying the 9 V. 
excitation voltage. 
(2) The nitrogen gas flow was adjusted to the proper flow rate. 
(3) The transducer was then switched into the recorder circuit 
with the latter set at a sensitivity of 1 mv. per 250 IIDn. and the bridge 
was balanced. 
(4) The transducer was then switched out of the recorder circuit 
and the standard resistor switched into the circuit. At the excitation 
voltage being used the resistor gave a displacement of 138 IlllD.. on the 
recorder chart. 
(5) The resistor and transducer were switched out of the circuit, 
the Vycor furnace chamber removed, a Bureau of Standard's 10 mg. weight 
was added to the balance pan, and the furnace chamber returned to position. 
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(6) The transducer was switched into the circuit and the displace-
ment given by the 10 mg. weight was measured. It was found to give 
+ ••• I 
112 - 1 mm. displacement on the recorder chart at the 9 V. excitation 
voltage. 
The thermobalance was thus calibrated so that a displacement of 112 
mm. on the recorder chart would correspond to a 10 mg. change in weight 
on the sample. 
The standard resistor in the circuit served as an additional fine 
ad,1ustment control for the excitation voltage. The excitation voltage 
was always adjusted so the standard resistor would give a displacement 
of 135 to 140 mm. As long as the excitation voltage across the standard 
resistor gave a displacement in this range, a 10 mg. weight change would 
+ give a displacement of 112 - 1 mm. 
The furnace used with the thermobalance was also calibrated. The 
calibration was done by inserting the Vycor thermobalance furnace chamber 
in the furnace and placing an iron-constantan thermocouple in the chamber. 
The motor-driven Variac was turned on and the e.m.f. of the thermocouple 
was recorded with the Sargent SR recorder. 
In this investigation the furnace reached a maximum temperature of 
700°·c. 
In making a thermogravimetric analysis of a sample, the excitation 
voltage was applied and the thermobalance allowed to "warm-up" for at 
least one hour before starting the analysis. This was found to be neces-
sary in order to get a repeatable response from the instrument. 
During the warm-up period, the nitrogen gas flow through the bal-
ance sample chamber was adjusted. This was done through the use of a 
rising bubble flow meter. For this investigation it was not necessary 
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to know the absolute rate of flow of the nitrogen. After the optimum 
flow rate was established, through trial-and-error, it was necessary 
only to be able to reproduce the flow rate. For this purpose the bubble 
flow meter worked nicely. 
Next, the sample was placed in the quartz dish and the dish was 
placed on the platinum balance pan. The Vycor furnace chamber of the 
balance was then inserted in the furnace and the entire assembly was 
lifted over the balance pan and sample. 
After the chamber was allowed to degas for 3 to 4 minutes with the 
side outlet closed, the bottom gas outlet was closed and the side outlet 
was opened. 
The arrests then were removed from the extension arm and the counter-
poise of the strain gauge, the cover was replaced to prevent disturbance 
by air currents, and the bridge was balanced. The pen of the recorder 
was displaced to one side of the chart wit,h the bridge balance in order 
to utilize the full width of the chart paper. 
When a constant weight had been attained by the sample, the furnace 
control (the motor-driven Variac) and the recorder were turned on simul-
taneously. The thermogravimetric analysis was allowed to proceed to the 
desired temperature and then the apparatus was turned off. A perm.anent 
record of the analysis was made by the recorder. 
To test this operational procedure, a sample of cupric sulfate 
pentahydrate was analyzed. The results obtained agreed very closely 
with those of Wetidlandt (44), 
The copper-tributylamine complex, prepared as previously described, 
was studied using the above procedure. A characteristic record of the 
,-
results is shown in Figure-12. The average size sample of complex 
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analyzed was approximately 50 mg. 
The vertical line shown at 25°C. is due to the fact the precipitat-
ed complex.was placed on the balance pan while still wet with 2-propanol. 
The furnace was not turned on until the sample had reached a constant 
weight. The furnace was then turned on and the analysis was allowed to 
proceed to approximately 700°C. where a constant weight was manifest. 
The residue, quartz dish, and platinum pan were then removed from the 
balance and weighed on an analytical balance to determine the weight of 
the residue. From a knowledge of the weight of the residue and applica-
tion of the calibration of the thermobalance, the total weight of the 
original sample could be determined. 
The residue on the thermobalance pan was dark brown or black in 
color. It was found to be insoluble in cold concentrated nitric acid 
and in cold concentrated sulfuric acid. It dissolved readily, however, 
in concentrated hydrochloric acid, giving a green-colored solution, and 
less readily in hot nitric acid. A qualitative test for chloride on 
the nitric acid solution gave negative results. Although no determina-
tion was made for copper, the physical appearance of the residue was 
that of cupric oxide and the color of the hydrochloric acid solution 
indicated the presence of copper. 
·---In Figure 12, it may be noted that two breaks occur in the weight...;.ver-
sus-temperature curve. Bat~ brakes take place over a wide range of tem-
perature. The first break starts at 50°C. and proceeds until 275°C. 
From 275° to 400°C. the weight is essentially constant. This is follow-
ed by the second break which proceeds between 400° and 675°C. The ratio 
of the weight losses of the first break to the second break is 1.00:2,42, 
Taking the sample weight to be the weight of the sample after becoming 
constant at room temperature, the first weight loss representa an 
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The interpretation of the data collected from the chemical analysis, 
the thermogravimetric analysis, and the amperometric titrations indi-
cates that the precipitate formed when 2-propanol solutions of cupric 
chloride and tributylamine are mixed is not composed of one compound 
but is more probably a mixture of two or more compounds. Also, the pre-
cipitate contains very little, if any, true copper-tributylamine complex, 
because the amount of amine shown to be present by the chemical analysis 
is far too small. 
Inflection points obtained in the amperometric titration curves 
seem to indicate no formation of copper-tributylamine complexes contain-
ing simple numbers as the copper-to~amine ratio. The amperometric ti-
tration solutions do undergo a color change during the course of the 
titration, indicating the probable presence of copper-tributylamine com-
plexes in solution. The results seem to indicate that the reactions in-
dicated by the inflection points are not necessarily due to the formation 
of a.mine complexes but that some, at least, could be obtained by titrat-
ing with any weak base such as tributylamine. 
From the weight of the residue in the thermogravimetric analysis of 
the precipitate and the total percentage weight loss it is possible to 




If the assumption is made that the residue is entirely CuO, then 
the molecular weight of the original compound (unless it were polynu-
clear) would be approximately 229, Of this molecular weight, the sub-
stance lost at the first break in the TGA would be represented by 41,5, 
while the substance lost at the second break would be represented by 108. 
Placing the chemical analysis on a whole mole basis shows that for 
every three moles of copper there are close to 2 moles of chloride. The 
tributylamine is present in such a small amount in the precipitate that 
it might even be present due only to coprecipitation of a small amount 
of amine complex from the solution. Thus in the precipitate there are 
copper, chloride, almost certainly hydroxyl groups (since it is the only 
negative ion that possibly could make up for the lack of chloride ions 
to balance the cupric ions or even cuprous ions) and probably water 
and alcohol molecules. It is highly probable that the precipitate is 
largely hydrated and/or alcholated Cu(OH) 2 and Cu(OH)Cl, formed by re-
action of the type 
---L 
~ Cu(H20),m-1(0H)Cl•n Ale. 
+ Amine·HCl 
and so forth. 
Postulating a. composite formula containing all these components 
except alcohol it would be cu3(oH)xC12'yH2o, the Cu:Cl ratio in this 
being established by the chemical analysis. The molecular weight of 
the compound calculated from the above would be 229 X 3 = 687, and for 
the compound to be neutral ''x'' would need to be equal to 4. To fulfill 
the molecular weight requirement, then, "y" would need to be equal to 20. 
This is probably a mixture of compounds and could be composed of 
such salts as Cu(OH) 2 ·zH2o and Cu(Oh)Cl'wH3o, where z = 6 and w = 7, 
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In order to ha.ve a material balance the Cu(OH) Cl '7H2o would have to be 
taken twice. 
According to the TGA data the properly-weighted summation of molec-
ular weights of the substances lost at the first break would be 18.1% 
X 687 = 124, while that for the substances lost at the second break 
would be 47,2% X'687 = 324, The first break would be equivalent to los-
ing 7 molecules of water. The second break would be equivalent to los-
ing 14 molecules of water and 2 molecules of HCl. This, in itself would 
be improbable since it would indicate a coordination number of 7 for the 
copper, and a further discrepancy appears when the temperature differ-
ence of the breaks is considered. The second break starts at 400°G. 
and it seems highly improbable that any water of hydration would be so 
tightly coordinated that it would not evolve until this temperature. 
Assuming that the residue from the TGA is finely divided copper 
metal rather than CuO, and using calculations similar to those given 
above, a molecular weight of 183, or its multiple, is calculated for 
the original compound. Following a line of reasoning similar to that 
used in the previous example a compound such as cu3(0H)4c12•12H2o could 
be postulated. Again this is probably a mixture of Cu(OH) 2 ·4H2o and 
2 Cu(OH)Cl'4H2o. In this case the first weight loss would correspond to 
losing 5,5 molecules of H20 and the second break would correspond to 
losing 8 molecules of H20, 2 molecules of HCl, and 1 molecule of oxygen--
a supposition that is as hard to believe as the first. 
If 2-propanol enters into the complex, the results obtained are 
more reasonable, but the data obtained would not be sufficient to give 
an adequate picture of the composition of the precipitate. Until chemi-
cal analyses are performed on the residue from the TGA and upon the 
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compound which is stable between 275° and 400°C., it is impossible to 
determine definitely the compound or compounds in the original precipi-
tate. At the present time another investigation in this laboratory is 
being conducted to solve this problem. 
Conclusions 
From the results of this research, it is obvious that the preci-
pitates obtained by mixing amines with Cuc12·2H2o in 2-propanol are es-
sentially mixtures of solvated (and probably hydrated) cupric hydroxide 
and cupric hydroxychloride possibly admixed with a small amount of amine 
complex formed more by coprecipitation than by true reaction. Thus the 
amine was acting as a weak base rather than as a ligand. This makes the 
work of others in this field suspect except where actual analysis of 
precipitates was performed or where the complexes studied remained in 
.solut.ion i.ln ·,~~f'ficiently high concentration. 
•:., 
These results point to the fact also that water, even in traces, 
cannot be disregarded as a possible reactant; for the ease with which 
these precipitates formed, even at the low concentrations (both of water 
and of the other reactants) employed shows that only under truly anhydrous 
conditions can amines, though they are well known as ligands for copper 
(II), form complexes with water. In other words, amines in the presence 
of water, accept protons from the hydrated cation largely in preference 
to displacing the water as a ligand. 
There was inconclusive, but good evidence, however, that copper-
amine complexes do form in solution. These need to be studied, there-
fore, under less competitive conditions. 
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